We measure the trapped nonwetting-phase saturation as a function of initial saturation in sandpacks. The application of the work is for carbon dioxide (CO 2 ) storage in aquifers, where capillary trapping is a rapid and effective mechanism to render the injected fluid immobile: The CO 2 is injected into the formation followed by chase-brine injection or natural groundwater flow that displaces and traps it. Current models to predict the amount of trapping are based on experiments in consolidated media; while CO 2 is likely to be injected at depths greater than approximately 800 m to render it supercritical, it may be injected into formations that tend to have a higher porosity and permeability than deep oilfield rocks. We use analog fluids-water and refined oil-at ambient conditions. The initial conditions are established by injecting oil into vertical or horizontal sandpacks 0.6 m long at different flow rates and then allowing the oil to migrate under gravity. The packs are then flooded with water. The columns are sliced, and the residual saturation is measured with great accuracy and sensitivity by gas chromatography (GC). This method allows low saturations to be measured reliably. The trapped saturation initially rises linearly with initial saturation to a value of approximately 0.13, followed by a constant residual as the initial saturation increases further. This behavior is not predicted by the traditional Land (1968) model but is physically consistent with poorly consolidated media where most of the larger pores can be invaded easily at relatively low saturation and there is, overall, relatively little trapping. The best match to our experimental data is achieved with the Aissaoui (1983) and the Spiteri et al. (2008) trapping models.
Introduction
If we are to avoid potentially dangerous climate change, we need to capture and store CO 2 emitted by fossil-fuel-burning power stations and other industrial plants (Orr 2004) . Saline aquifers provide the largest potential for storage and the widest geographical spread (Hawkes et al. 2005) . Subsequent leakage of CO 2 into the atmosphere, even over hundreds of years, would render any sequestration scheme inefficient. However, on the basis of the experience of the oil and gas industry, there is a good understanding of trapping mechanisms that take place in geological formations.
Structural and stratigraphic trapping is the primary mechanism by which hydrocarbons accumulate in the subsurface. The same mechanism would take place during carbon sequestration, with the less-dense CO 2 rising because of buoyancy forces until it is trapped under impermeable caprock (Bachu et al. 1994 ). However, this process relies on there being an intact barrier to upward flow.
Solution trapping occurs when there is dissolution of CO 2 in the aquifer brine. The CO 2 -saturated brine is denser than the surrounding brine, leading to convective mixing in which the denser brine migrates deeper into the formation (Lindeberg and Wessel-Berg 1997; Riaz et al. 2006; Ennis-King and Paterson 2005) .
Mineral trapping occurs over longer time scales than other trapping methods. As CO 2 dissolves in formation brine, carbonic acid (H 2 CO 3 ) is formed, which dissociates and subsequently can react with the host rock or brine to generate solid minerals over periods of thousands to billions of years (Gunter et al. 1993; Gunter et al. 1997; Egermann et al. 2005; Lin et al. 2008) .
The final trapping mechanism involves CO 2 becoming immobile at the pore scale by capillary forces. This process occurs at the trailing edge of the plume as the CO 2 migrates upward, when it is displaced by natural groundwater flow or by the injection of chase brine. It is a rapid and effective trapping mechanism that reduces the need to ensure caprock integrity (Kumar et al. 2005; Hesse et al. 2006; Obi and Blunt 2006; Juanes et al. 2006; Ide et al. 2007; Qi et al. 2009; Saadatpoor et al. 2008) . In addition, the process can be designed such that capillary trapping is maximized. CO 2 injection is optimized through commingled injection with brine. This gives a more-preferential mobility contrast between injected and displaced phases. At the end of CO 2 injection, a period of chase-brine injection occurs. The chase brine moves through the formation faster than the injected CO 2 , leaving immobile CO 2 in the pore space behind it (Qi et al. 2009 ).
Capillary Trapping. Capillary trapping has been measured in oil/water, gas/water, and three-phase gas/water/oil systems; Figs. 1 and 2 show a compilation of two-phase data in the literature (Geffen et al. 1952; Crowell et al. 1966; Pickell et al. 1966; Land 1968 Land , 1971 McKay 1974; Ma and Youngren 1994; Jerauld 1997; Kleppe et al. 1997; Kralik et al. 2000; Suzanne et al. 2003; Al Mansoori et al. 2009a ), while Table 1 gives a summary of the associated parameters for each study.
No clear trends emerge from a study of Figs. 1 and 2 because the trapped saturation depends on the details of the pore structure and the contact angle between the phases. For CO 2 -storage applications, it is not the residual saturation itself that is of interest but the fraction of the rock volume that contains trapped phase. We call this the trapping capacity, which is stated as S (nw)r ; these data are presented in Fig. 2 . The trapping capacity appears to increase approximately linearly with initial saturation until an initial saturation of approximately 50%. Beyond this, there is considerable scatter, with most of the data indicating a maximum trapping capacity of between 4 and 10%.
On the basis of these data, several models to predict the trend of trapped saturation have been proposed. Land (1968) , building upon the work of Geffen et al. (1952) , Naar and Henderson (1961) , and Agarwal (1967) , proposed a relationship between the trappedgas saturation and the initial gas saturation. This was based upon experimental data for consolidated media. and S * is the effective saturation: S * = S/(1−S wc ), where S wc is the connate or irreducible water saturation.
Jerauld (1997) extended Land's relationship, proposing a "zeroslope" adaptation to match trapped-gas-saturation data from the mixed-wet Prudhoe Bay oil field in Alaska: Another adaptation of Land's relationship was proposed by Ma and Youngren (1994) on the basis of an oil-wet experimental data set from the Kuparuk River Unit in Alaska. Ma and Youngren observed that, at higher initial gas saturations, there was a sharp leveling off of the trapped-gas saturation. This led to the introduction of two empirically derived curve-fitting constants, a and b, where b = 1 and a = C in Land's original correlation: Other studies (Kleppe et al. 1997; Suzanne et al. 2003 ) have questioned the validity of applying Land's trapping relationship to rock/fluid systems other than those analyzed by Land-consolidated rock with a strongly water-wet gas/liquid system where the initial saturation was established by evaporation rather than by displacement. A shortcoming of the Land equation (Eq. 1) is that it is based upon the endpoint only (S oi max , S or max ). There is no scope to tune the shape of the curve itself. Jerauld's and Ma and Youngren's adaptation of the Land curve went some way toward tackling this limitation, but-as we show later-it does not match all the available data accurately. Kleppe et al.'s (1997) data, based on an artificial core (Aerolith 10, 43% porosity), did not fit Land's trapping curve. The following linear relationship was proposed to match the experiments: (5) Note that Eq. 5, unlike the previous correlations, is not based on effective saturations.
Kleppe et al.'s proposal of a linear relationship is in agreement with the findings of Aissaoui (1983). Aissaoui's proposed trapping relationship, described later, was found to be the best match to Suzanne et al.'s (2003) (6) where S gc is the critical gas saturation corresponding to the point where the maximum trapped saturation is reached. Another approach to the prediction of trapped saturation is the use of pore-scale modeling. Spiteri et al. (2008) used a porenetwork model developed by Valvatne and Blunt (2004) to predict the trapped saturation as a function of initial saturation and average contact angle. Their model matched the residual saturation measured on Berea sandstone by Oak (1990) . They matched the simulated trend of trapped-saturation-for-a-given-contact angle distribution as a quadratic function of initial saturation: (7) where ␣ and ␤ are contact-angle-dependent coefficients. To summarize, the early studies of trapping focused on gas/ water systems in consolidated media. Our experiments will focus on applications to supercritical CO 2 storage in poorly consolidated formations that probe a range of behavior for high-porosity liquid/ liquid systems that has not been studied previously.
Experimental Methodology and Equipment
Our experiments were designed to build upon the literature data (Figs. 1 and 2), probing a wide range of initial nonwetting-phase saturations (S (nw)i )-and their corresponding residual saturations (S (nw)r )-at one time. To achieve this, we performed flow experiments using unconsolidated sandpacks and analog fluids at ambient conditions.
Above its critical point-critical temperature = 304.13 K; critical pressure = 7.38 MPa (CRC Handbook 2007)-CO 2 has unique properties with a density similar to a liquid and a viscosity more akin to a gas. The nonwetting phase was chosen to be n-octane because it has a density similar to CO 2 at reservoir conditions. The octane was colored red using Sudan Red 7B dye to observe its movement during the experiments. The wetting phase was brine (deionized water with 1 wt% potassium chloride and 5 wt% sodium chloride). Table 2 shows the properties of the fluids used. The interfacial tension between brine and supercritical CO 2 would be lower than that seen here-in the region of 25 to 40 mN·m −1 (Chun and Wilkinson 1995; Chalbaud et al. 2009 ), depending upon brine salinity, temperature, and pressure. The ambient temperature in the laboratory was recorded as being consistently 293.15 K (±1 K). Ambient pressure was measured to be 0.101 MPa (±0.003 MPa).
The sand used in the experiments was unconsolidated Levenseat 60 (LV60) sand (WBB Minerals, UK). The grain-size distribution was determined by sieving for 80 minutes using British standard meshes on an electric shaker. Nuclear-magnetic-resonance (NMR) scans and microcomputer tomography (micro-CT) imaging have been conducted for this sand. These results are presented in Talabi et al. (2009) .
The sandpack was contained in a custom-machined polymethylmethacrylate column 0.6 m long with an internal diameter (ID) of 0.04 m [outer diameter (OD) 0.05 m]. The design of the column features premachined grooves around the circumference every 0.05 m along the column length. These grooves allowed the column to be sliced upon completion of the flow experiment such that direct samples could be taken from the sandpack for analysis using GC. Before slicing, the column is a single, solid component, providing sufficient rigidity to allow sand packing and fluid flow under backpressure. The column is sliced by sawing gently around the premachined grooves.
To achieve the desired range in S oi , each column was prepared such that a highly reproducible S oi profile existed along its length. This was achieved by injecting oil into the column and allowing it to rise under buoyancy forces or, in one case, by injecting oil into the column positioned horizontally. Waterflooding the column was then performed to reach S (nw)r . This displacement sequence mimics upward migration of CO 2 followed by chase-brine injection.
In total, four experiments were performed. Each experiment consists of one set of S oi measurements and one set of S or measurements. In three experiments, octane was injected into a vertical column, while the fourth used horizontal injection. In each experiment, the volume of octane injected varied to probe the full range Washburn (1926 Washburn ( -1930 of initial oil saturations. In all experiments, three replicates were performed to find both S oi and S or . The procedure begins with the packing of a column with LV60 sand. Each individual sand-packed column will yield either an S oi or an S or set of data. Two columns-as a minimum-are required to produce a single set of S oi vs. S or values; we added additional replicates to assess the reproducibility of the results.
A known mass of sand was added to a column with a known bulk volume. The subsequent porosity of the sandpack was determined by mass balance. A packing density of 1654 kg/m 3 was used throughout. The bulk volume of the columns was found by filling them with water of a known density and measuring the mass and comparing with the mass of the dry column. The packing process was performed with dry sand poured into the column in one continuous motion under vibration. Table 4 gives the average properties of the packs. When packing the column with sand, a circular piece of wire mesh (brass) and two circular pieces of filter paper (VWR International Filter Papers 415) were placed between the sandface and the endcap to prevent sand production.
Establishing an initial brine saturation of 100% was accomplished in three steps. The brine was degassed by bubbling oxygen-free nitrogen gas through the brine for a minimum of 15 minutes. This decreased the likelihood of gas separating out of the liquid within the sandpack because of oxygen being liberated and substituted by the agitation of the nitrogen. In addition, and before brine injection, the column was completely saturated with gaseous CO 2 . 930 mL of brine was injected under a 0.138-MPa backpressure to displace the CO 2 . The backpressure was applied with a needle valve, forcing the brine into the smaller pores. Even so, any remaining trapped CO 2 gas dissolved in the brine, resulting in a 100%-saturated sandpack. Continued brine injection (multiple pore volumes) ensured that the sandpack was free of dissolved CO 2 before oil injection. This was confirmed when no trace of CO 2 was detected during GC analysis.
Three vertical experiments were performed, with different volumes of octane injected in each case (Table 3 ). The octane was injected into the top of a column, which was positioned vertically. Once the desired volume of octane had been injected, the column was inverted such that the high-oil-saturation interval was at the bottom. The octane subsequently migrated upward because of buoyancy forces. Oil migration was stopped by placing the column horizontally once the first drop of octane reached the filter paper at the top end of the column.
The column would be sliced to find S oi or brine injection would start. To reach residual conditions, 950 mL of brine (4 pore volumes) were injected. Oil production always ceased soon after brine breakthrough and long before the end of the experiment.
In addition to the vertical experiments described, an additional horizontal experiment was performed to investigate the effect of ignoring gravity. 930 mL of octane was injected into a fully brine-saturated column positioned horizontally. The column was then sliced to find S oi or brine injection was started, following the procedure described for the vertical experiment. Table 5 gives the phase-injection rates, Darcy velocities, Bond number, and capillary numbers associated with these experiments; these are typical of those likely to be found during CO 2 storage (Qi et al. 2009 ).
At the end of injection, the columns were sliced. Each sample section was mixed with 30 g of 2-propanol solvent. This amount of solvent had been determined to be sufficient to dissolve both the n-octane and brine, giving a single homogeneous liquid phase. The mixture of sand and liquid was then filtered to remove the sand. The liquid was sampled into vials ready for GC analysis. This process was repeated for each of the 10 samples from each column.
The use of GC for direct sample measurement (DiCarlo et al. 2000 ) is a precise approach that is more accurate than mass or volume balance for these experiments. A PerkinElmer Autosystem XL GC fitted with an SGE forte capillary column (30 m × 0.25 mm ID, BP20 0.5 µm, polyethylene glycol) and a thermal conductivity n/a detector (TCD) were used to detect fluid concentrations. The GC setup allowed detection of changes of magnitude of 1 ppm within each GC sample vial. The measurement program is summarized in Table 6 . A high-precision syringe pump (Teledyne ISCO Pump 1000D) was used in all flooding experiments. Flow accuracy according to technical specifications is ±0.5%.
Results

Fig. 3
shows the measured saturation profiles, while Fig. 4 shows the inferred trapping curve. The four experiments cover different ranges of S oi : In Experiment 1, it ranges from 3.4 to 52.0%; 5.6 to 73.7% in Experiment 2; 39.9 to 76.4% in Experiment 3; and 46.2 to 79.6% for Experiment 4. The error bars shown in Fig. 4 are based on the standard deviation where three replicates were performed for each of the S oi and S or data sets. We also ran an additional Experiment 4 at one-quarter the flow rate and obtained the same residual saturations within experimental error; this confirmed that we performed the experiments in the capillary-controlled regime where the amount of trapping is insensitive to flow rate. Fig. 5 compares our data with the correlations proposed in the literature that were discussed previously: We used our data to find the parameters in the various correlations. It is evident that the best fit is given by Aissaoui's law (Eq. 6 with o for oil substituted for g) and Spiteri et al.'s law (Eq. 7). Aissaoui's correlation displays an initial linear increase in S or to S or max = 12.8% at S oc = 47.6%, followed by a constant S or . Spiteri et al.'s fit gives a quadratic response based on the fitting parameters ␣ and ␤; see Table 7 . Note that the residual saturation ranges in Figs. 4 and 5 differ from the range shown in Fig. 1 .
When matching the trapping laws to the experimental data set, the endpoint (S oi max = 80%; S or max = 12.8%) is fixed. Once the endpoint is fixed, some laws cannot be regressed further to match the data-they have no further degrees of freedom. Other laws can be tuned, and this is summarized in Table 7 along with the square of the multiple R value (R 2 ). R 2 gives the proportion of total variance between measured S or and trapping-law-predicted S or values (Woodhouse 2003) . The best matches to the data set are achieved with the equations with the highest degree of freedom, as expected.
Discussion and Conclusions
We have measured the trend of residual-oil saturation with initial saturation in unconsolidated sandpacks. We found relatively low residual saturations: In the high-porosity homogeneous pore space, waterflooding at the pore scale proceeds as a uniform advance controlled by cooperative pore filling with little snap-off and trapping (Valvatne and Blunt 2004) . The residual saturation increases linearly with saturation until a maximum of 12.8% is reached for an initial saturation of approximately 48%. The trapping capacity S or = 4.7%. The residual saturation does not increase as the initial saturation is increased further. At 48% saturation, the nonwetting phase is able to occupy all the larger pore spaces in which it will be trapped during waterflooding-invasion of smaller pores during primary drainage does not increase the residual saturation because the nonwetting phase will be displaced from these regions. This is in contrast to highly consolidated media with a wide pore-size distribution, where the nonwetting phase can be trapped in small pores that are only filled at high initial saturations.
The Land (1968) trapping model does not give good predictions of the trapped saturation for unconsolidated media; instead, the linear Aissaoui (1983) (Eq. 6) and the quadratic Spiteri et al. (2008) correlations (Eq. 7) show good matches to the data. This is especially the case for low to intermediate initial saturations. For example, at an S oi of 10%, the Land model overestimates trapping capacity by 222% compared to the Aissaoui model and by 167% compared to the Spiteri et al. model, on the basis of matches to this experimental data set.
The low-to-intermediate-residual-saturation region is of specific interest when analyzing carbon-storage projects. This is because the high initial saturations-where all models predict a good match-may be present only in small volumes of a target formation, specifically the near-wellbore region. Therefore, it is desirable to predict residual saturations in other areas of the aquifer where initial saturations are lower-for example, away from the wellbore where injected supercritical CO 2 is commingled with injection and formation brine.
The effect of supercritical CO 2 on wettability should also be considered. Our experiments were built upon the premise that supercritical CO 2 is the nonwetting phase, and hence, oil could be used as a suitable analog fluid. Glass-micromodel experiments have shown that this is the case (Chalbaud et al. 2009 ). However, it has also been shown that there can be alterations in contact angle in quartz/brine/CO 2 and mica/brine/CO 2 systems (Chiquet et al. 2007 ). We have extended this method to study gas/water systems (Al Mansoori et al. 2009a ) and three-phase conditions (Al Mansoori et al. 2009b) ; future work will consider supercritical CO 2 systems and consolidated media.
This work implies that CO 2 injection in poorly consolidated media would lead to rather poor storage efficiencies, with, at most, 4.7% of the rock volume occupied by trapped CO 2 ; this is at the lower end of the compilation of literature results shown in Fig. 2 . Further studies have shown consolidated media have higher storage efficiencies, with a maximum capillary-trapping capacity of approximately 7% for rock porosities of 20% ).
Nomenclature R 2 = multiple R squared S * = effective saturation, where S * = S/(1−S wc ) S gc = critical gas saturation S gi = initial gas saturation S gi max = maximum initial gas saturation S gi * = effective initial gas saturation, where S gi * = S gi /(1−S wc ) S gr = residual-gas saturation S gr max = maximum residual-gas saturation S gr * = effective residual gas saturation, where S gr * = S gr /(1−S wc ) S gr * max = maximum effective residual gas saturation, where S gr * max = S gr max /(1−S wc ) S (nw)i = initial nonwetting-phase saturation S (nw)r = residual nonwetting-phase saturation S (nw)r max = maximum residual nonwetting-phase saturation S oi = initial oil saturation S oi max = maximum initial oil saturation S or = residual oil saturation S or max = maximum residual oil saturation S wc = connate water saturation = porosity
